The role of central and peripheral vision in the production of linear vection was assessed by using displays in which flow structure and sources of internal and external depth information were manipulated. Radial optical flow was more effective for inducing self-motion in both central and peripheral visual fields than was lamellar flow in displays of the same size. The presence of external occlusion information was necessary to induce linear vection when small displays were composed of lamellar flow, whereas the effectiveness of small radial displays did not depend on the availability of occlusion edges.
Factors affecting the onset and magnitude of linear vection
LAURA TELFORD and BARRIE J. FROST Queen's University, Kingston, Ontario, Canada The role of central and peripheral vision in the production of linear vection was assessed by using displays in which flow structure and sources of internal and external depth information were manipulated. Radial optical flow was more effective for inducing self-motion in both central and peripheral visual fields than was lamellar flow in displays of the same size. The presence of external occlusion information was necessary to induce linear vection when small displays were composed of lamellar flow, whereas the effectiveness of small radial displays did not depend on the availability of occlusion edges. Gibson (1950) suggested that the pattern of retinal flow resulting from observer motion contains information about the structure of the visual scene, as well as the direction of self-motion. Under certain circumstances, the pattern of retinal flow may be sufficient to specify self-motion, even in a stationary observer. This visually induced selfmotion, or vection, has until fairly recently been thought to be determined by the peripheral retina. A study by Brandt, Dichgans, and Koenig (1973) has been widely cited as demonstrating the importance of peripheral visual field stimulation in the production of visually induced selfrotation, or circular vection. Brandt et al. reported that circular vection could be induced when 30°displays were presented in the periphery, but not when they were presented in the central visual field. Even 60°central displays produced the sensation of object motion rather than self-motion in most cases; any self-motion that did occur was described as "not really compelling," and its velocity was "experienced to be very slow" (p. 484). The fact that vection could be induced even when large parts of the central field were masked out (up to 120°) led the authors to conclude that the peripheral visual field plays a larger role in circular vection than does the central field.
This study has been criticized for confounding the relative sizes of central and peripheral displays (Howard & Heckmann, 1989; Post, 1988) . Post replicated Brandt et al. 's study equating central and peripheral displays in terms of display area and found that the majority of subjects (92%) experienced circular vection with 30°displays placed in the central visual field, whereas vection occurred Portions of this research were presented at the annual meeting of the Association for Research in Vision and Ophthalmologyin Sarasota, FL in May 1992. This research was supported by Grant 0353 from The Natural Sciencesand Engineering Research Council of Canada. We are indebtedto JonathonSpratleyand Tarun Kripalanifor softwaredevelopment. We would also like to thank Steven Shaver for advice and help with the data collection. Correspondence should be addressed to Laura telford, Department of Neurology, Box 605, University of Rochester, 601 Elmwood Ave., Rochester, NY 14642. on only 76% of the trials when the displays were located in the peripheral visual field.
A second study often cited as demonstrating the importance of the retinal periphery in linear vection (induced translation) is that of Johansson (1977) . Johansson was unable to elicit linear vection with vertically translating displays of 10°-30°positioned in the central visual field, while 10°bands placed 45°-80°in the periphery along the horizontal retinal meridian did induce vertical selfmotion. However, in this experiment, screens providing occlusion edges were used to restrict the motion to the periphery, but no equivalent condition was run to restrict motion to the central visual field. Thus, relative depth cues were available only in the peripheral display conditions, so that the central and peripheral displays were not directly comparable. The perceived depth plane of central and peripheral displays has been shown to be an important determinant of circular vection (Howard & Heckmann, 1989; Ohmi, Howard, & Landolt, 1987) . When moving displays are equated for area, circular vection is determined by the moving surface, which is perceived as being farther away. Stoffregen (1985) has suggested that in the early studies in which a peripheral field bias in vection was reported, retinal location and optic flow structure may have been confounded as well. Under natural circumstances, optical flow associated with self-motion has lamellar structure in the peripheral visual field and radial structure in the central field (see Braunstein, 1985, and Stoffregen, 1985) . Stoffregen examined the relative effects of lamellar and radial flow structure on visually induced body sway by using a moving room in which the two types of optical flow could be presented to central or peripheral regions of the visual field. Stimulation of the central visual field with either type of flow structure induced correlated body sway, whereas stimulation of the peripheral visual field with radial patterns did not, suggesting that only the peripheral visual field is specialized for the pick-up of optical flow structure. The compensatory changes observed after central stimulation with radial Copyright 1993 Psychonomic Society, Inc. flow fields were, however, greater than those obtained with lamellar flow. Stoffregen's subjects were not aware that they were moving, which suggests that the threshold for the perception of self-motion may be higher than the threshold for inducing body sway. This is supported by Previc and Mullin's (1991) finding that the time lag for postural changes induced by a visual roll stimulus is shorter than the latency to experience motion.
Together, the higher thresholds for the perception of motion, and the lower effectiveness of lamellar than of radial flow in the central visual field, may explain why Brandt et al. (1973) were unable to induce circular veetion with central displays. However, because Post (1988) induced circular vection by using very similar lamellar displays in the central visual field, the differential results cannot be explained by differences in flow structure. Given Ohmi et al. 's (1987) and Howard and Heckmann's (1989) finding that perceived depth plane is a critical determinant of circular vection, it seems probable that the two experiments also differed in terms of the available depth cues. For example, disparity cues at the maskdisplay boundary in Post's study could have served to specify the moving displays as the further of two surfaces, thereby increasing their effectiveness as vection stimuli.
Several studies have shown that central displays consisting of radial optic flow can consistently induce selftranslation (linear vection) along the line of sight (Andersen & Braunstein, 1985; Ohmi & Howard, 1988) , but it is unclear whether these displays are effective as vection stimuli because they contain internal depth cues that specify variations in surface depth relative to the observer, or whether they are successful because of the type of flow structure. In the case of Andersen and Braunstein's study, the sources of depth internal to the radial displays were presented in combination with external depth information in the form of occlusion edges provided by an aperture in a viewing booth. Thus, even if relative depth rather than flow structure is the critical determinant of vection, it is not clear what source of depth information is important. Andersen and Dyre (1989) explored the effects of both radial and lamellar flow structure on visually induced body sway and found that compensatory postural changes can occur with central lamellar flow fields even smaller than those reported by Stoffregen (1985) . However, as in Andersen and Braunstein's (1985) experiment, the lamellar displays contained both internal and external depth information. No conditions were run in which no depth was present, or in which the two sources of depth information were varied independently. Of the previous vection studies in which lamellar flow structure has been presented in the central field (Brandt et al., 1973; Howard & Heckmann, 1989; Johansson, 1977; Post, 1988; Telford, Spratley, & Frost, 1992) , with the possible exception of Post's study, only those in which relative depth information has been explicitly manipulated have successfully induced veetion (Howard & Heckmann, 1989; Telford et al., 1992) .
Another factor shown to play a role in vection is display direction. Howard, Cheung, and Landolt (1988) ex-plored the magnitude of circular vection by using a hollow sphere that could be rotated about the yaw, pitch, and roll axes. Simulated self-motion about an axis that would not normally be accompanied by stimulation of the otoliths resulted in greater magnitudes of self-motion, suggesting that the vestibular system may playa role in restraining vection. Since the otoliths would normally be stimulated during the accelerative or decelerative phases of linear translation, all directions of translation would be accompanied by corresponding vestibular stimulation. We therefore investigated whether tracking speeds and latencies would be similar for different directions of display translation. Differences may indicate that the vestibular input is not uniform for all axes of translation.
The present investigation was designed to assess the contributions of factors such as display area, location, direction, and relative depth for two types of optical flow structure.
GENERAL METHOD

Subjects
The subjects were students in an undergraduate psychology course in which experimental participation was a requirement. Different subjects were used for each of the experiments, but within each experiment the subjects received all the experimental treatments.
Visual Displays
The subjects viewedrandom-dotdisplays that were generated by a Silicon Graphics Iris (4D7OGT) computer which simulated observer motionrelative to a frontoparallel plane(lamellaropticalflow) or through a volume of randomly positioned points (radial optical flow). The visualdisplayswere back-projectedonto a Mylar screen (123 x89 em, subtending a visual angle of 96 0 horizontally and 78 0 vertically) with an Electrohome ECP4000 projector (image resolutionwas 1,280x 1,024pixels).The displays consisted of 500 white dots (eachsubtending O.ZO, with a luminance of 20 cd/rn') randomly positionedon a black background(0.1 cd/m'). The subjects viewed the movingdisplays monocularly from a fixedviewpoint (their heads were fixedin position by a head-and chinrest)at a distanceof 55 em. For each experiment, each subject viewed the displays for I min each in randomorder, and each trial was separatedby a 30-secdark interval. Most subjects received three practice trials at the beginning of each session, but more trials were given if the instructions were not clearly understood.
Lamellar displays. The displays simulated rigid observer translation in the x or y body axes at constant velocity relative to a single frontoparallel plane. All the dots within the array were located in a single depth plane and moved at the same linear velocity. The dots were replaced at the opposite edge of the display at the same vertical or horizontal location when they disappeared at the edge of the screen.
Radial displays. The radialdisplayssimulatedrigid observermotion in the z body axis at constant velocity relative to a volume of randomly positioneddots. The geometry of such projections is described in Andersen and Braunstein (1985) . The dot velocity at the focus of expansionwas zero and varied exponentiallyas a function of simulated location in depth. A constant dot density was maintained by replacing each dot as it disappeared after traversing the length of its radial path. The displays were symmetricalabout both the x-and y-axes,
Data Collection
Two dependent measures were used: speedof self-motion, as measured by movementof a computer mouse (Logitech), and tracking Display Direction not dependent on binocular disparity cues because the displays were viewed monocularly and there was no spatial separation between the occluding edges and the Mylar screen. Given that the role of relative depth in vection is well established (Howard & Heckmann, 1989; Ohmi et al., 1987; Telford et al., 1992) , the most likely explanation for the effectiveness of the occluding edges, is that they function to specify moving surfaces as the background. The failure of early vection studies (Brandt et al., 1973; Johansson, 1977) to elicit self-motion with small moving displays may have been due to insufficient depth cues in the displays. For this reason, for the remainder of the experiments in which lamellar displays were used, the results will be presented only for trials in which the booth was present. The subjects experienced linear vection on 72 % of the wide-angle booth trials. In all cases, the direction of self- In this experiment, we examined the role of external depth information in generating vection with lamellar displays translating in vertical, horizontal, and diagonal directions.
latency (see Telford et aI., 1992 , for a more detailed description). The subjects were instructed to move the mouse along the surface of a table locatedin front of them when they experiencedself-motion. They were to continuously move the mouse at the speed they felt themselves to be moving in the direction of self-motion, as long as the sensation persisted. For each trial, a latency value was assigned by determining the first occurrence of a continuous string of tracking values lasting at least 2 sec. Trials that did not meet this criterion were classified as no-vection trials and were assigned a latency value of 61 sec, equal to the trial length plus I sec, and a tracking speed of zero. Although the inclusion of the no-vection trials tends to inflate the tracking latencies obtained with weak veetion stimuli, the inclusion of no-vection trials was necessary to determine the effectiveness of a particular display for inducing linear vection. For this reason, both types of data are presented. Analyses of variance were performed, and the graphs were made with the no-vection trials included so that the displays could be compared on the basis of their effectiveness as vection stimuli. Mean tracking latencies in which the no-vection trials are excluded are also presented in the Results sections.
Means for tracking speed were taken for each I-min trial. Periods of nontracking resulting from mouse resets or vection drop-outs were not included in the calculations. Within-subject analyses of variance were performed on the mean tracking speed and latency data (no-vection trials included) for each experiment. Tukey HSD tests were performed when a significant F value was obtained. To protect against positive biases associated with the F values obtained in repeated measures designs, the significance levels for the F test and subsequent a posteriori tests were computed with conservative degrees of freedom (Huynh & Feldt, 1976) . Uncorrected degrees of freedom are reported in the Results sections.
EXPERIMENT 1 Method Subjects. Eight female subjects (18-20 years old) with normal uncorrected vision participated in this experiment.
Design. Three independent variables were examined. (I) External depth. In the no-depth condition, moving displays were back projected onto a Mylar paper screen which was attached to a transparent Plexiglas sheet (96 0 horizontally x 78 0 vertically). The edges of the screen were visible in the far peripheral field when the gaze was directed to the center of the screen. In the depth condition, the moving displays were back projected onto a Mylar screen that formed the front of a viewing booth (127 em wide x 119 em deep x 161 em high) in which the subjects sat. A 2.6-cm strip of white cardboard (1.5 mm thick) was placed along the outside edges of the paper screen where the edges of the booth occluded the screen. Although the cardboard was placed directly against the screen to minimize any disparity cues at the occluding edges, it did create the impression of viewing the displays through a window. 
Results and Discussion
The subjects did not experience linear vection when the moving visual displays were viewed on a Plexiglas screen in the absence of the booth, but they did when the booth was present. Figure 1A ). Display directions also differed in their ability to elicit vection. Upward and downward motion produced vection on the largest proportion of trials (87 % and 88 % for the two display velocities, respectively), and subjects experienced selfmotion on 63% of the right-down and 81 % of the left-up trials. Vection occurred on only 50% of the leftward trials and on 62 % of the rightward trials.
EXPERIMENT 2
In this experiment, the effect of restricting moving displays to peripheral parts of the visual field on the perceived speed and onset of self-motion was examined. 
Method
Subjects. Seven subjects (l male and 6 females, 18-20 years old) with normal uncorrected vision participated.
Design. In this experiment, two independent variables were manipulated. (I) Peripheral display area: wide-angle displays (96°h orizontally and 78°vertically) and 6°,23°, and 54°central masks. (2) Display direction: left, right, up, down, left-up, and right-down. All the displays were presented in the booth described in the previous experiment. The displays moved at a linear velocity of 50 em/sec, and the subjects were instructed to fixate the center of each mask during each trial.
Results and Discussion
The subjects experienced linear vection on 81 %of the wide-angle trials in the opposite direction to display motion. Vection occurred on 79% of the 6°mask trials, 76% of the 23°mask trials, and 62 % of the 54°mask trials. In Figures 2A-2B , it can be seen that the central masks had little effect on either tracking speed or tracking latency relative to the wide-angle conditions, although a significant mask size x direction interaction was obtained for the latency data [F(l5,90) 
EXPERIMENT 3
The effect of restricting moving displays to the central visual field on the speed and latency of self-tracking was examined in this experiment.
Method
Subjects. Six subjects (I male and 5 females, 18-23 years old) with normal uncorrected vision participated.
Design. Two independent variables were examined: (I) Central display area: wide angle (96°horizontally x 78°vertically), 23°, and 6°. (2) Display direction: left, right, up, down, left-up, and right-down. The displays were viewed from within the booth de-scribed in Experiment 1. The subjects were instructed to fixate the center of the displays, which moved at 50 em/sec.
Results and Discussion
The analysis of variance was significant for display type The centrally positioned displays were slightly more effective as vection stimuli than were the peripherally placed displays (66% vs. 55%), but tracking speeds and latencies were not significantly different. Thus, although veetion strength was slightly greater with central rather than peripheral displays, display area, rather than display 10-vection trials excluded were 12.5 sec for the wide-angle displays, 20.8 sec for the 23°displays, and 40.9 sec for the 6°displays. The wide-angle displays produced directional biases similar to those observed in Experiments 1 and 2 (Figure 3) , with displays moving to the left and down to the right producing lower self-motion speeds and slightly higher tracking latencies than did the displays in the other directions. However, when the moving displays were restricted to the central 6°or 23°of the visual field, no directional bias was observed. Overall, the analysis of variance was not significant for the main effect of display direction.
In Experiments 2 and 3, the areas of the peripheral displays were always larger than those of the central displays. Since statements regarding the role of retinal locus in linear vection cannot be made without equating the areas of the central and peripheral displays, another experiment was done in which displays of equal area were placed in different locations along the horizontal and vertical meridians of the retina. ...
I-
Results and Discussion
All subjects experienced linear vection for all of the wide-angle conditions in the direction opposite that of display motion. However, Figure 3 shows that vection strength decreased in an area-dependent manner when the moving displays were restricted to the central visual field. Linear vection occurred on 44% of the 23°display trials, and on only 19% of the 6°display trials. This effect of display area was highly significant for both tracking speed cation, appears to be a stronger determinant of vection strength.
It is possible that the slight central bias that we observed here but not in the previous experiment for the 23 0 displays (see Figure 4 ) may have been due to the fact that the fixation spot used in this experiment may have made subjects perceive the displays as far, and thus facilitated vection. This central facilitation was not observed with the larger display, perhaps because vection was already being maximally induced by the 54 0 display. In Experiment 4, directional biases occurred in the wide-angle trials, but not when smaller moving displays were positioned in different locations in the central and peripheral visual fields. In the previous experiments, directional biases were observed for the wide-angle and central mask trials, which suggested that the bias was a function of the peripheral visual field. However, in Experiment 4, no directional biases occurred when small displays were positioned in the peripheral field, suggesting that the bias is a function of display area, rather than display location.
It has been suggested that directions of display motion that would not normally be associated with otolith stimulation should result in stronger sensations of self-motion than would directions of motion that would normally be accompanied by otolith displacement . If this is the case, displays translating in vertical and horizontal directions should induce similar vection strength, since both would be restrained by the absence of corresponding input from the otoliths. However, we observed decreased tracking latencies for vertical motion relative to horizontal motion. It is possible that since humans have evolved with a system that allows them to move horizontally, but not vertically, the utricles may be less sensitive to vertical acceleration. Hence, motion in the vertical plane would not normally be accompanied by utricular stimulation and should therefore not restrain selfmotion resulting from motion in this axis. A psychophysical study by Malcolm and Melvill Jones (1974) suggests that people are relatively insensitive to vertical acceleration. Blindfolded persons were subjected to vertical acceleration in a helicopter, and many of them, including some who were pilots, were unable to determine whether they were moving up or down.
In the present investigations, a preference for vertical motion occurred in each of the experiments in which lamellar flow was used, but not all subjects demonstrated the same vertical bias. Over a third of the subjects showed stronger vection (higher tracking speeds and lower tracking latencies) for upward display motion (downward veetion), whereas 16% of the subjects showed a downward bias. Over half of the subjects did not show a vertical directional bias. Individual directional biases also occurred for the other axes of display motion. These are summarized in Table 1 . An asymmetrical response was indicated only if both the latency and tracking data showed at least a twofold difference in responding for each direction. information (changing optical velocity, changing size, and stationary occlusion edges). This may reflect a ceiling effect, because the group that viewed the displays in which only the dot velocity was varied had very low tracking latencies. Latencies were not reduced; in fact, they were increased slightly by the addition of changing size cues or by the addition of the booth. Tracking values also remained relatively constant for the three depth conditions for wide-angle stimulation. This finding of no difference in vection strength for the different sources of depth information corresponds to the results of Dyre and Andersen (1988) for visually induced body sway. They compared body sway induced by 15°central radial displays containing different amounts of internal depth and obtained similar results for the no-depth (planar) and maximal internal depth conditions. However, all of the displays were viewed through an aperture in a booth, so that external occlusion information was present in all cases.
Type of display (wide angle, central, or peripheral) sig- 
EXPERIMENT 5
To assess the role of depth cues in radial displays on vection strength, we examined several sources of internal depth information and one source of external depth information (occlusion).
Results and Discussion
There were no significant differences in tracking speeds or tracking latencies for either of the three sources of depth In Experiment 5, display area and visual field location were confounded because the central displays were smaller in area than the peripheral displays. The smallest central display was only 6°, whereas the smallest peripheral display was 42°(54°central mask). A further experiment was performed in which the areas of central and peripheral displays were equated. o B A c would be during forward translation, the majority of the flow vectors in the upper visual field would be moving in an upward direction, whereas the opposite would be true for contracting motion. Therefore, the same individual asymmetries should be present as were found with upward and downward lamellar flow (see Table 1 ). However, when the motion is projected to the entire visual field, as in the present investigation, both upward and downward motion vectors would be equally present in the expanding and contracting displays, so that no vection asymmetry should be observed.
Method
Subjects. Ten subjects (6 females and 4 males, 19-20 years old) with normal uncorrected vision participated.
Design. Three independent variables were manipulated in this experiment.
(1) Display area: Display area (outer radius of 10°or 20°) was run as a between-subject variable, with 5 subjects per group. Wide-angle displays were shown to all the subjects. An example of the radial wide-angle displays is shown in Figure 5 ; the annular displays are shown in Figure 7. (2) Display eccentricity: Different parts of the visual field were stimulated by placing the annuli at different eccentricities while subjects fixated a spot (2.5°) in the middle of the screen. Figures 7A and 7B show annuli of 10°. which would stimulate regions 10°_20°and 40°_50°from the fixation spot. The same eccentricities are shown in Figures 7C and  7D for the 20°displays. Because eccentricity was limited by the horizontal extent of the tangent screen (96°horizontally), fewer eccentricities could be explored by using the larger displays (20°). The eccentricities were expressed in terms of the angular distance [F(5,80) = 20.38, P < .0001] (Figure 6B ). Masking up to 54°of the central visual field did not affect either the tracking speed ( Figure 6A ) or the tracking latency of linear vection ( Figure 6B ) for any of the relative depth conditions or display directions. The proportion of veetion trials was also relatively unaffected by masking the central visual field. All the subjects experienced vection with the 6°mask, while 91 % and 87% of the subjects experienced vection with the 23°and 54°masks, respectively. However, restricting the displays to the central visual field significantly decreased tracking speed (Figure 6A) while increasing tracking latency ( Figure 6B ). The wide-angle displays and all of the central mask conditions resulted in significantlyhigher tracking speeds than did the smallest (6°) display (p < .01). The largest central mask condition (54°) also resulted in significantly higher tracking speeds than did the 23°central displays (p < .05). For the latency data, comparisons between the central masks (the mean with the no-vection trials excluded for all three masks was 6.5 sec for both directions of display motion) and the wide-angle displays (3.6 sec) versus the 6°(18.7 sec) and 23°(15.7 sec) central displays were significant (p < .01). The 23°central displays also resulted in significantly lower tracking latencies than did the 6°central displays (p < .05). The proportion of vection trials was also reduced from 100% for wide-angle stimulation to 79 % for the 23°displays and to 45% for the 6°displays.
The vection strength that we observed with the small central radial displays, while significantly better than that observed with the lamellar displays, was still less than that reported by Andersen and Braunstein (1985) . Linear vection was reported by 77 % of their subjects with a median latency of 17.2 sec (the means for the three display velocities; no-vection trials were assigned values equal to the trial duration plus 1 sec) with the 7.5°central radial displays. With the no-vection trials included and assigned a value of 61 sec, the median tracking latency in our experiment was substantially higher (57.6 sec). In Andersen and Braunstein's study, the subjects viewed the displays through a small aperture in the booth. It is possible that the depth segregation produced by occluding edges is greater when the edges are present in the central, rather than the peripheral, visual field.
All the subjects experienced linear vection in the direction opposite that of the display motion for both forward and backward wide-angle stimulation. The two display directions produced similar tracking speeds ( Figure 6A ) and tracking latencies ( Figure 6B ) for wide-angle, central, and peripheral stimulation. This contrasts with the results of Berthoz, Pavard, and Young (1975) , in which thresholds for the development of backward linear veetion (forward scene motion) were lower than those for forward vection. Lestienne, Soechting, and Berthoz (1977) have also reported greater postural changes associated with forward scene motion. In both of these studies, visual stimulation was restricted to the upper visual field. When the radial pattern is expanding, as it peripheral displays were clearly visible to the observers, and the velocity of the dots in these displays was actually higher than that of the dots in the more central displays.
Although the results of Johansson's (1977) study, in which 10°displays were projected to the peripheral visual field, were used as evidence of a peripheral field bias in circular vection, the data do not support this interpretation. The proportion of vection trials actually decreased as eccentricity increased in this experiment. If you collapse across the two sources of depth information that were used, circular vection occurred on a mean of 87% of trials for 10°displays displaced 45°-55°, on 77% of the 60°_70°displacement trials, and on 57% of the trials in which displays were positioned 80°-90°from the fovea. Onset latencies also increased as eccentricity increased. The mean latency with the no-vection trials excluded was 18.5 sec for displays positioned at 45°-55°, and 21.5 sec for displays at 80°-90°from the fovea (these Results and Discussion All the subjects experienced linear vection for both directions of wide-angle motion. Analysis of variance was not performed on the between-subject variable display area because different eccentricities were used for each group. However, tracking latencies were lower for the 20°display ( Figure 8A ; the mean for all eccentricities and directions of display motion with no-vection trials excluded was 5.9 sec) than for the 10°display ( Figure 8B ; 13.8 see), whereas tracking speed was similar for the two display areas ( Figure 8A ). Linear vection was also experienced on fewer of the 10°trials (64%) than of the 20°trials (95%).
Although the main effect of display eccentricity was not statistically significant for the tracking data ( Figure 8A ), it was significant for the latency data ( Figure 8B , nd 57°displays for latency (p < .05) and tracking data (p < .05) for the 10°displays, and for the 10°versus 65°eccentricities for the tracking data for the 20°dis-plays (p < .05). As can be seen in Figure 8 , both display areas resulted in an increase in tracking speed with increasing eccentricity up to about 60°. Because of the size of the screen, only the 10°display could be presented beyond 65°from the fixation spot, and as can be seen in Figure 8A , a sharp drop-off in tracking speed occurred when the displays were positioned 65°-90°away. These from the fixation spot to the inner edge of the annulus and are listed in Table 2 for each display area. Dot velocities within each annulus were similar, but because velocity increased as a function of eccentricity, dots in peripheral displays had higher average velocities than those in more central displays. The average velocity of dots was 30 ern/sec in the most central display, and 70 ern/sec in the most peripheral display. (3) Display direction: Two directions of motion were presented-forward (approaching dots) and backward (receding dots).
Mean Tracking Latency·
Number of Vection Trialst values are collapsed across depth conditions). In the present investigation, fewer subjects experienced linear vection with the 10 0 radially expanding or contracting displays when the displays were positioned at greater eccentricities from the fovea. Nine of 10 subjects experienced vection when displays were positioned 10 0 from the fovea versus only 4 of 10 when the displays were 85 0 away. Absolute tracking latencies were not affected by display eccentricity (Table 2 ), but if no-vection data are included, tracking latencies were elevated with increasing eccentricity, a finding that reflects the greater difficulty in inducing linear vection with increasing eccentricity. The results of both Johansson's (1977) study and the present investigation suggest that, contrary to the peripheral dominance theory of vection, it becomes increasingly difficult to elicit vection, either with small rotating or with translating displays as retinal eccentricity increases. In the present experiment, vection was reported on a greater number of trials when motion was near the fovea. This finding of reduced vection strength with increasing eccentricity was also true for the lamellar displays in Experiment 4. Linear vection was stronger when the 23 0 displays were positioned in the central visual field, rather than above, below, or to the left of the fixation spot.
As in Experiment 5, in which wide-angle, central, and peripheral displays were used, the direction of display motion was not significant in terms of either tracking speed or latency for the small annular displays.
GENERAL DISCUSSION
We investigated some of the parameters affecting the perception of self-motion induced by lamellar and radial optical flow. For both types of flow structure and all relative depth conditions, display area, but not display location, was a strong determinant of linear vection strength. Vection strength was reduced by masking out portions of the peripheral visual field, but masking up to 54 0 of the central field did not affect tracking speed or latency. These results are similar to those of Brandt et al. (1973) for circular vection, who interpreted the fmdings as evidence of a peripheral field bias in the control ofvection. However, our results, and those of Post (1988) and Howard and Heckmann (1989) , show that no peripheral bias exists when displays are equated for area. Ifanything, we observed a slight central field bias in vection, as vection strength decreased relative to that produced by central stimulation when radial displays were placed beyond 65 0 from the fovea. These results, and those of others (Andersen & Braunstein, 1985; Howard & Heckmann, 1989; Post, 1988; Stoffregen, 1985; Warren & Kurtz, 1992) , suggest that the peripheral dominance theory is no longer adequate for understanding the visual control of self-motion.
Although the location of the moving displays on the retina was not a critical determinant of vection strength in these experiments, the two types of flow structure were differentially effective as vection stimuli. Linear vection was induced by fewer of the wide-angle lamellar displays FACTORS AFFECTING LINEAR VECTION 691 than of the wide-angle radial displays (87 % vs. 100%). Small radial flow fields also generated greater vection strength than did small lamellar displays. The 6 0 central lamellar displays induced linear vection on only 19% of the trials, with a mean latency of 41 sec (no-vection trials excluded), whereas radial displays of the same area induced vection on more than twice as many trials (45 %), with a mean latency of 19 sec. The preference for radial optical flow is not restricted to the central visual field, since it was preserved when large parts of the central visual field were masked. For example, 87 % of the subjects experienced linear vection when the central 54 0 of the wide-angle radial displays were masked (for all depth conditions and display directions), whereas only 62% of the subjects experienced self-motion when viewing lamellar displays (viewed in the booth) in which the central 54 0 were masked. Latencies (no-vection trials excluded) were 7 sec with radial motion and 16 sec with lamellar motion. This suggests both a central and a peripheral field bias for radial flow structure. This contrasts with the findings of Stoffregen (1985) , who showed that both central and peripheral visual fields mediate postural changes induced by lamellar flow structure, but that only central field stimulation induces postural adjustments after exposure to radial optical flow. Warren and Kurtz (1992) have also found judgments of heading with radial flow fields to be less accurate in peripheral than in central vision, with performance near chance for headings beyond 10 0 from the fixation point. We did observe a decline in vection strength with increasing eccentricities (Experiment 6), but this did not occur for eccentricities under 50
•
Since the flow structure in the far periphery of the radial displays was very similar to the structure of the lamellar displays, their increased effectiveness for inducing veetion must therefore be a function of the internal depth cues in the display, rather than of the flow structure. Each dot in the radial displays, even in the far periphery, was in a different simulated location in depth, whereas in the lamellar displays, all of the elements of the display were in the same simulated depth plane. This finding that internal depth information is important for self-motion is supported by the findings of physiological investigations of the medial superior temporal area (MST) in the monkey's visual cortex, an area believed to process optical flow associated with self-motion. Neurons have been found that respond in a directionally selective manner to planar, rotary, or radial motion (Saito et al., 1986) , and the majority of neurons (63%) in the dorsal region of the MST are activated by more than one of these components (Duffy & Wurtz, 1991) . However, no preference has been observed for radial as opposed to lamellar optical flow.
Linear vection could not be induced by using lamellar flow fields in the absence of the booth, suggesting that occlusion information can facilitate the sensation of selfmotion. Many of the earlier studies may have been unsuccessful in eliciting circular or linear vection with small central displays simply because such displays lacked the requisite depth cues to specify the moving surface as far.
In the case of the radial displays, linear vection could be induced without the occluding edges afforded by the booth. However, other sources of internal depth, such as changing dot velocity and size, were available in these displays. Only the changing velocity cue was necessary to induce linear vection maximally in the radial displays. De Bruyn and Orban (1990) have performed experiments in which dots composing a radial display were assigned a random velocity, unrelated to their simulated locations in depth, or in which all of the dots were moved at the same speed. Such manipulations resulted in perceived transparency, changes in depth, or noncoherent motion, suggesting that depth-related changes in velocity may also be necessary for the perception of rigid self-motion.
From the results of the present studies, we can conclude that when no internal depth cues are available, as in the lamellar displays, monocular occlusion information can provide the necessary depth segregation required to induce linear motion, but that when such cues are integral to the display, as is the case with the radial displays, no further depth information is required to induce selfmotion.
The different directions of display motion were differentially effective for inducing self-translation. For example, displays translating vertically relative to a frontoparallel plane induced stronger vection than did displays translating horizontally or diagonally in the same plane. However, the radial displays that induced motion along the line of sight induced vection more quickly than did the displays translating orthogonally to the line of sight. However, as discussed previously, this preference may have been due to other factors, such as optical flow structure or internal depth cues. Kano (1991) found that displays that simulated self-motion parallel to the line of sight took longer to induce linear vection than did displays moving vertically in the frontoparallel plane. Both types of display consisted of lamellar flow structure and simulated motion relative to a single plane of dots. Thus, the preference for motion along the line of sight in our experiments seems likely to reflect a preference for radial flow structure, or for the depth information contained within radial displays, rather than a preference for this direction of motion per se.
